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Abstract — The perspective of a wide use of green power 
motivates the scientific community to study the possibility of 
fabricating integrated stand-alone devices. In particular, solar 
energy is one of the most promising renewable powers, and it is 
widely used in autonomous wireless communication systems. 
Specifically, integration of sensors and antennas in a solar panel 
represents a challenge for future technology. In this paper, the 
feasibility of a single integrated autonomous device equipped 
with WiFi capability is analyzed, discussing its potentiality in the 
framework of the Internet of Things. 
 
Index Terms— Integration, slot antennas, PV panel, solar cells, 
stand-alone systems, Wireless Sensor Networks. 
I. INTRODUCTION 
The increasing demand of energy and the growing 
sensitivity to environmental issues are leading research to study 
and improve the renewable energy sources as well as 
optimizing the energy consumption [1]. In particular, 
photovoltaic (PV) energy is widely used in autonomous 
communication system due to its eco-friendliness and 
reliability. In 2009 it was estimated that at the end of this 
century the solar power generation will account for more than 
60% of world’s totally [2]. 
To date, solar panels are used in some stand-alone wireless 
communication systems, especially in isolated environments. 
However, PV panel, sensors and antenna are separate elements 
of the same system, causing relatively great space employment, 
engineering and design problems. Therefore a compromise in 
the utilization of the limited available space is needed and 
sensor and antennas integration in PV panel is desirable. 
In the last decades, antennas have been integrated in solar cells 
and photovoltaic panels. Most common technologies of PV 
panels integrated radiating elements are the innovative 
transparent [3]-[5] , patch [6],[13] slot [14],[18] and inverted-F 
[19] antennas.  
Several researchers are interested in innovative transparent 
antenna, made by TCOs (Transparent Conductor Oxides) [3]-
[5]. These antennas may represent a good integrated solution 
because they are easily integrable on after-market solar cell. 
Nevertheless these TCOs are relatively expensive and with the 
existing technological capabilities is not easy to obtain a 90% 
sunlight transparency, needed for the proper functioning of the 
solar cell [4]. Solar cells may be used as a radiating patch [6] 
or as a coupled patch [7]-[9]. In these cases the cell 
dimensions are strictly related to the operating frequency, 
restricting the possible applications. Solar cells may be used 
also as a ground plane for an upper patch element [10]-[13], 
but with a reduction of the PV solar efficiency. Slot antennas 
may be realized between solar cells [14]-[17] or obtained by 
properly etching of them [18], but affecting the solar 
efficiency. Nevertheless, for high frequency applications the 
antenna PV panel integration is simpler. 
Small photovoltaic panels are used also in consumer 
products such as battery recharger, access points or other 
personal devices (Fig. 1).  
 
Fig. 1  Examples of applications in which sensors, antennas and photovoltaic 
panels could be integrated in a unique device. 
In some of these systems, sensors are used to get information 
on humidity, temperature, geographical position, etc. It is clear 
that all the information can be transmitted to a base station and 
collected to remote monitor both the single devices and the 
overall network. 
In this paper, the integration of sensor and antennas in 
photovoltaic panels is investigated, highlighting the potentiality 
of a Wireless Sensor Network composed by autonomous nodes 
equipped with integrated sensors and antennas. As a proof-of-
concept, a panel-to-panel link has been analyzed to assess the 
feasibility of a wireless sensor network com
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Fig. 2  The antenna presented in [14] ha
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TABLE I 
ANTENNA DIMEN
N 200 A
M 45 B
L 67.5 C
W 5.6 F
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Fig. 4  Panel-to-panel link performance in terms of (a) received power level 
and (b) goodput. 
To prove the feasibility of a PV panel integrated array, 
numerical simulations have been performed by using CST 
Microwave Studio®. As shown in Fig. 5, three WiFi antennas 
have been placed between the cells of a 4x9 solar cells PV 
panels. 
 
Fig. 5  Three WiFi antennas have been integrated in a photovoltaic panel to 
obtain a 3x1 array. 
The maximum gain direction can be oriented by choosing a 
proper input phase of each radiating element. Let us consider 
an M×N planar array arranged on the XY plane as in Fig. 5. As 
usual, θ  is the angle between the z-axis and the x-axis, while 
φ  is the angle between the x-axis and the y-axis. In general, 
the current phase of the (m,n)th radiating element ( mnα ) has to 
be set to  
 
( )0 0 0 0sin cos sin sinmn mn mnx yα β θ φ θ φ= − +  
 
• where  
• β  is the wavenumber in free space, and it is directly 
proportional to the operating frequency; 
• ( , )mn mnx y  represents the position of the (m,n)th element in 
the XY plane; 
• 0 0( , )θ φ  represents the direction where the gain has to be 
maximized. 
The distance D between two adjacent radiating elements 
plays an important role in the array radiative performance. In 
particular, the higher the distance between the antennas (but 
lower than λ  which represents the free-space wavelength), the 
higher is the gain. However, the distance D is also strictly 
related to the radiation pattern characteristics in case of 
beamforming (for example, for large distances D the grating 
lobes phenomenon could appear). Nevertheless, the distance 
between the radiating elements is highly affected by the 
presence of the radiating cells. Indeed, the available space 
between solar cells rows is limited and the distance between 
two free slots is set by the cell size. Anyway, the distance D 
can be chosen as a trade-off between the required array 
radiative performance and the physical limitations due to the 
presence of the solar cells. 
To better assess the feasibility of an integrated antenna 
array, the three antennas shown in Fig. 5 have been properly 
fed to maximize the radiation toward a specific direction. In 
Fig. 6 the normalized radiation patterns of the 3×1 array of PV 
panel integrated antennas for WiFi applications are shown for 
the XZ plane (Fig. 5). In particular, the main lobe direction has 
been oriented to 0θ = ° , 10θ = °  and 30θ = ° . When the 
main lobe is tilted toward 30θ = ° , the side lobe level is not 
negligible, and it could be not satisfactory for communication 
systems. Increasing the number of antennas and reducing the 
distance among them could allow for a lower side lobe level; 
however, also the number of radiating elements depends on the 
photovoltaic panel size. 
 
Fig. 6  Normalized radiation pattern of the 3x1 array of
antennas for WiFi applications. 
CONCLUSION 
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